Background & Aims-As important virological markers, serum HBsAg and HBV DNA levels show large fluctuations among chronic hepatitis B (CHB) patients. The aim of this study was to reveal the potential impact and mechanisms of amino acid (AA) substitutions in small hepatitis B surface proteins (SHBs) on serum HBsAg and HBV DNA levels.
Introduction
Chronic hepatitis B virus (HBV) infection remains a severe public health problem. About 240 million people worldwide are chronically infected and have an increased risk for developing liver cirrhosis and hepatocellular carcinoma [1, 2] . The hepatitis B surface antigen (HBsAg), a major viral protein secreted into patient serum, consists of three distinct, but structurally related proteins: the large, middle and small hepatitis B surface proteins (LHBs, MHBs, and SHBs, respectively). Within the SHBs, the amino acids (AA) 99 to 169 region is termed as the major hydrophilic region (MHR), where AAs 124-147 is defined as the 'a' determinant, a dominant neutralizing epitope [3] . Antibodies used in commercial detection kits usually recognize and bind to this region.
Since its discovery as the Australia antigen by Blumberg et al. in 1963 [4] , HBsAg has been considered an important biomarker of HBV infection. The loss of HBsAg and the development of anti-HBs antibodies (HBsAg seroconversion) are believed to indicate a clinical cure [1] . The HBsAg quantitative assay is often a better option than the qualitative tests for other biomarkers. [5] . The Architect QT assay (Abbott Laboratories) and the Elecsys HBsAg II Quant assay (Roche Diagnostic) are widely used in the clinic. Both yield quantitative HBsAg (qHBsAg) results as international units per ml (IU/ml) [6, 5] .
The wide clinical application of these assays resulted in suggestions that the serum qHBsAg might serve as a surrogate marker for transcriptionally active HBV covalently closed circular DNA (cccDNA) in hepatocytces and as a useful marker in guiding antiviral therapy. A study on 26 hepatitis B e antigen (HBeAg)-positive CHB patients receiving 32-week Peg-IFN treatment followed by two-year lamivudine treatment showed that the HBsAg levels correlated with cccDNA (r = 0.54, p = 0.004) at baseline, and its reduction after treatment showed good correlation with the reduction of hepatocyte cccDNA levels (r = 0.68, p < 0.0001) [7] . A study on HBeAg-negative CHB patients showed that a decrease of HBsAg levels by 0.5 log 10 IU/ml at week 12 and 1.0 log 10 IU/ml at week 24 of Peg-IFN therapy was associated with the positive predictive values of 89% and 92% for HBV DNA negativity 24 weeks after drug withdrawal, supporting its role as a predictive marker for response-guided therapy in IFN-treated patients [8] . In addition, HBsAg levels could be used as a stopping rule for Peg-IFN-treated patients [8] .
However, significantly different serum HBsAg levels could be found in CHB patients with the same disease progression, HBV genotype and HBeAg status [9] . Locarnini et al. showed that serum HBsAg levels only correlated with HBV DNA loads during the immune clearance phase for patients with HBV genotype B and C infection [10, 9] . A better understanding of the mechanisms behind serum HBsAg level fluctuation is of clinical importance. Theoretically, the underlying mechanisms could include the factors affecting the HBsAg expression, secretion, antigenicity and/or the immune response. The current study focused on how AA substitutions in SHBs influence qHBsAg values. It is known that new qHBsAg assays have incorporated the impact of some classical SHBs AA substitutions on qHBsAg, such as sK122I, sI126S and sG145R [11] . However, some newly discovered SHBs mutations were under quantitated by the Architect assay, whereas sP142L, sP142S and sG145K mutations yielded lower results in the Elecsys system when compared with those obtained with the Architect system [12] . In addition, Locarnini et al. reported that the rtA181T/sW172stop (sW172*) variant had a secretory defect and exerted a dominant negative effect on wild-type (WT) HBV virion secretion [13] .
Beside the aforementioned mutations, SHBs could also have other naturally occurring substitutions affecting serum HBsAg levels, which are yet to be identified or poorly characterized. Thus, the aim of this study was to identify novel mutations that correlated with lower HBsAg levels by using a study cohort of 230 untreated CHB patients, who were all HBeAg-positive and infected with genotype C HBV. The impact and mechanisms of these novel AA substitutions on HBsAg levels were further studied using in vitro cell culture systems. (NCT01088009) [14] . Informed consent was obtained. The clinical diagnosis of CHB was performed according to the Chinese Society of Hepatology [15] . All patients were negative for hepatitis C virus, hepatitis D virus and human immunodeficiency virus serum markers. We selected only genotype C HBeAg-positive patients to exclude the potential impacts of HBV genotype, HBeAg status and disease progression on sequence mutation analysis. In addition, genotype C HBV is the most prevalent genotype in China and some areas of Asia [16, 10, 9, 17] .
Materials and methods

Patients
PCR amplification, DNA sequencing, and sequence analysis HBV RT sequences covering the entire S gene amplification and sequence analysis for identifying the AA substitution in SHBs have been described [18] .
Plasmids
Mutants sE2G, sL21R, sG24K, sT47A, sT47K, sC69* sL95W, sL98V, and sG145R were cloned into plasmid pBB4.5 1.2/PC, which contained a 1.2-fold length HBV genome of genotype C with a G1896A mutation in the preC region to facilitate the DNA replication in the in vitro system [19] . Primers for site-directed mutagenesis and overlapping PCR are shown in Supplementary Table 1 . Introduction of rtD205H mutation resulted in a polymerase-deficient HBV control plasmid, termed tyrosine-methionine-histidine-aspartate (YMHD), which corresponds to the mutated reverse transcriptase (RT) active site tyrosinemethionine-aspartate-aspartate (YMDD). Plasmids with the human influenza hemagglutinin (HA) tag at the C-terminal of SHB derivatives (WT-HA, sE2G-HA, sC69*-HA, sL95W-HA, sL98V-HA, and sG145R-HA) were cloned into pBB4.5 1.2/PC. Since the mutant sC69* has a premature stop codon at the SHBs AA position 69, we inserted a HA tag at three different SHBs locations (N terminus, before the stop codon between positions 68 and 69, and after the C terminus of WT SHB sequence). A pBluescript II KS (+) plasmid (Addgene, USA) was used as the vector for HBsAg expression. In brief, the preS1, preS2 and S HBV coding regions were inserted into the KpnI and Sac I sites of this vector.
Cell cultures and transfection
HepG2 cells were maintained in Dulbecco's modified Eagle's medium (DMEM) with 10% fetal bovine serum (FBS) and 1% non-essential amino acids (NEAA). HepG2 cells were seeded 24 hours before transfection, then cells were transfected with plasmids in the presence of X-tremeGENE 9 at a ratio of plasmids and transfection reagent 1 μg :3 μl (Roche diagnostics, Mannheim, Germany). After overnight incubation, the cells were washed with Dulbecco's phosphate-buffered saline (DPBS, Life Technologies, USA) five times and fresh media (DMEM+10%FBS+1%NEAA) was added. Transfected cells were harvested and supernatant was collected 72 hours post-transfection. Transfection efficiency was assessed by co-transfecting a reporter plasmid expressing enhanced green fluoresence protein (EGFP). All transfections were performed in triplicate in at least three independent experiments.
Western blot
The protocol for Western blotting has been described [20] . Briefly, HBV-transfected cells from 6-well plates were washed three times with PBS and lysed with RIPA buffer in the presence of a cocktail of proteinase inhibitors (Roche, Mannheim, Germany). Supernatants were loaded on a 4-12% SDS-PAGE gradient gel (Life technologies) and transferred to a polyvinylidene fluoride (PVDF) membrane. Antibodies against HBV S protein: polyclonal horse anti-HBs (Abcam, USA) and monoclonal mouse anti-HBV preS2 (Abcam, USA) and anti-HA-tag (Sigma, USA), were used at 1:500 dilutions. SuperSignal® West Femto Maximum Sensitivity Chemiluminescent Substrate (Thermo Scientific, USA) was used for imaging.
Quantification of HBV DNA titers
The qPCR for HBV DNA quantification was performed as previously described [18] . Briefly, serum HBV DNA was quantitated by using the COBAS ® AmpliPrep/COBAS ® TaqMan ® HBV test version 2.0 (Roche Diagnostics, Switzerland). In addition, HBV DNA was extracted by using QIAamp DNA Blood Mini Kit (Qiagen, Germany). HBV DNA in in vitro experiments was quantitated by qPCR using the TaqMan Universal PCR Master Mix (Applied Bio systems, Foster) [20] . The primers and probe for qPCR are 5′-CCGTCTGTGCCTTCTCATCTG-3′ (sense), 5′-AGT-CCAAGAGTCCTCTTATGTAAGACCTT-3′ (antisense) and 5-/56-FAM/CCG TGT GCA/ZEN/CTT CGCTTC ACCTCT GC/3IABkFQ/-3 (probe). The qPCR conditions were: (i) denaturation at 50 °C for 5 min followed by 95 °C for 10 min (one cycle); (ii) qPCR at 95 °C for 15 s, 56 °C for 40 s, and 72 °C for 20 s (40 cycles); (iii) melting at 65 °C for 10 s, followed by 95 °C (continuous).
Detection of intracellular HBV total mRNAs and pgRNA in cell culture system
Total HBV RNA was isolated with the RNeasy Plus Mini Kit (Qiagen, Hilden, Germany), and quantified by using a NanoDrop (Thermo Scientific). First strand cDNA was synthesized by using the SuperScript III RT kit (Invitrogen). The qPCR for HBV total mRNA and pgRNA was performed as previously described [20] . DNase I (NEB) was used to degrade HBV DNA during RNA extraction and ribosomal protein S11 mRNA was used to normalize qRT-PCR results for HBV transcripts.
Detection of HBsAg and HBeAg
Serum HBsAg levels were detected by the Architect HBsAg QT (Abbott) according to the manufacturer's protocols. HBsAg and HBeAg levels from cell culture supernatants were detected with commercial enzyme-linked immunosorbent assay (ELISA) kits (Autobio diagnostic Co., China), according to the manufacturer's protocols. For intracellular HBsAg, cells were lysed with lysis buffer containing 1% of Nonidet P40, 150 mM NaCl and 50 mM trishydroxym-ethylaminomethane-HCl (pH 7.5). The samples were also detected with an ELISA kit (Autobio diagnostic Co., Zhengzhou, China) according to the manufacturer's protocol.
Statistical analyses
Statistical analysis was performed using the SAS version 9.1 software package. The interdependence between numerical variables was performed using the ANOVA test and Spearman rank correlation test. Continuous and categorical variables were compared between groups using the student's T test and Fisher's exact test, respectively. Values of p < 0.05 were considered as statistically significant.
Results
Patient characteristics
230 untreated CHB patients were recruited. All of the patients were Chinese with HBV genotype C infection. Demographic, biochemical and virological characteristics are shown in Table 1 . All samples were HBeAg-positive. The median HBV DNA level was 7.97 log 10 IU/ml (range: 4.12-9.80 log 10 IU/ml). However, the median HBsAg level was 4.15 log 10 IU/ml (range: 2.37-5.50 log 10 IU/ml). Anti-HBs and anti-HBe were negative.
SHBs mutations and their influence on circulating HBsAg and HBV DNA levels
To We then compared the HBsAg levels in patients carrying WT versus mutated SHBs. Interestingly, HBsAg levels in the patients with WT HBV were significantly higher than those in patients with HBV bearing mutations in SHBs (p < 0.001) (Fig. 1B) . Thus, we divided the 191 patients having SHBs mutations into two subgroups based on their median HBsAg level 4.10 log 10 IU/ml (range: 2.37-5.50 log 10 IU/ml), and analyzed the SHBs mutations in the low (N = 96) and high (N = 95) HBsAg value groups, with median HBsAg levels 3.67 log 10 IU/ml (interquartile range (IQR): 3.35-3.90 log 10 IU/ml) and 4.51 log 10 IU/ml (IQR: 4.25-4.76 log 10 IU/m), respectively. In-depth data mining (Fig. 1C) revealed previously identified immune escape mutations within the 'a' determinant region (sS117T, sK122R, sI126N/S/T, and sG145R), carboxyl terminal truncation mutations (sC69* and sW182*) and additional rarely described mutations (sE2G, sL21S, sR24K, sT47K/A, sL95W and sL98V). The mutation frequency was significantly higher in the group with low HBsAg levels compared to the group with high HBsAg levels (p < 0.05) (Fig. 1C) . HBsAg levels in mutants were significantly lower than that in WT (Fig. 1D) . Twelve samples were found with HBsAg level < 1000 IU/ml, but their median HBV DNA level was 6.77 log 10 IU/ml (range: 4.65-8.22 log10 IU/ml). To note, 75.00% (9/12) of their sequences harbor one or two of our newly identified SHBs mutations (sL21R, sT47K, sL95W, sK122R, sI126T, sG145R and sW182*) (Supplementary Table 2 ). The overall prevalence of the identified SHBs substitutions is shown in Supplementary Table 3. A significant positive correlation was observed between HBsAg and HBV DNA levels in the overall study population (r = 0.70; p < 0.001) ( Fig. 2A) . However, the correlation coefficients were lower in the mutant group (SHB sequences with the above selected mutations, N = 99) (r = 0.61; p < 0.001) (Fig. 2B) . Interestingly, patients within multiple or single mutations had significantly lower HBsAg levels compared to WT group (p < 0.001) (Fig. 2C) . Similarly, HBV DNA levels in the multiple and single mutation groups were also significantly lower than the WT group (p < 0.001) (Fig. 2D ).
There was no correlation of HBsAg levels with ALT and AST levels in the study population. No significant differences were observed in terms of age, ALT and AST between the groups with or without SHBs mutations ( Supplementary Fig. 1 ).
In vitro validation of the influence of S mutations on HBsAg levels
To study whether the S mutants influence HBsAg levels, we introduced individual mutations (sE2G, sL21R, sG24K, sT47A, sT47K, sC69*, sL95W, sL98V, and sG145R) in the background of HBV plasmid pBB4.5 1.2/PC. HBsAg levels were determined by ELISA 72 hours after transfection of HepG2 cells. The in vitro experiments showed a similar trend with the clinical study. Specifically, mutations sE2G, sC69*, sL95W, sL98V and sG145R resulted in lower extracellular HBsAg levels compared to WT (Fig. 3A) . The intracellular HBsAg levels from these mutants were also lower than that of WT (Fig. 3B) . However, the sG24K and sT47A/K mutations did not significantly affect the extracellular and intracellular HBsAg levels compared to WT (Fig. 3A, 3B ).
To further determine whether these mutations influence HBsAg levels due to impaired HBsAg detection and/or secretion, Western blot analysis with polyclonal anti-HBs antibody and monoclonal anti-HBs antibody was used. Most of the mutants showed lower extracellular HBsAg than WT except for sT47K/A. In addition, most mutants showed similar intracellular HBsAg band intensities to WT except for sL21R and sC69*, which were undetectable (Fig. 3C) . Similarly, when a monoclonal anti-preS2 antibody was used, most mutants exhibited low or undetectable extracellular HBsAg compared to WT. However, intracellular HBsAg could be detected for all mutants except for sC69*, although the band intensities varied among different mutants. Specifically, sL95W, sL98V and sG145R showed much lower intracellular HBsAg than WT (Fig. 3D) .
Based on the ELISA and Western blot results, sE2G, sC69*, sL95W, sl98V and sG145R appeared to express significantly decreased HBsAg levels. To rule out possible confounding effects due to the antibodies used for detection, we constructed plasmids encoding HAtagged S protein sequences for each of these substitutions and transfected HepG2 cells (Fig.  4A ). Western blot analysis using a monoclonal anti-HA antibody showed similar results to the anti-HBs antibodies. Taken together, these results show that the mutations decrease HBsAg levels by influencing either detection (Fig. 3C, sL21R) or secretion (sE2G, sC69*, sL95W, sl98V and sG145R) (Fig. 4B) . 
Impact of SHBs mutations on HBV replication and virion secretion
Due to the overlapping nature of the S and RT gene regions, mutations in the S gene may result in concomitant mutations in RT, such as sC69*/rtS78T, sL98V/rtS106C and sG145R/ rtR153Q, potentially affecting RT activity and HBV replication. However, some S gene mutations, e.g., sE2G/rtG10G and sL95W/rtV103V, do not result in AA changes in the RT due to the degeneracy of the genetic code (Fig. 5A) . In this study, sG145R was used as a control for a mutation known to inhibit virion secretion and antibody detection and the YMHD RT mutation, to abolish RT activity and control for input plasmid DNA background [21, 22] . Seventy two hours after transfection, the supernatants were collected and the cells were lysed. Both the supernatants and the lysates were treated with DNase I for two hours to remove input DNA. Subsequently, the capsid-protected HBV DNA from intracellular replicative intermediates and extracellular viral particles was analyzed by Taqman qPCR.
Our results showed that there was significantly less extracellular HBV DNA for sE2G, sC69*, sL98V and sG145R compared to WT (p < 0.05) (Fig. 5C ) and also less extracellular HBsAg levels detected by ELISA (Fig. 5B) . The intracellular HBV DNA from the mutants sC69* and sG145R but not sE2G, sL95W and sL98V was significantly lower than WT, respectively (Fig. 5D ). HBV total RNA and pgRNA levels from sC69* and sG145R were significantly lower than WT ( Fig. 5E and Fig. 5F ). But, when restricting HBV reverse transcription by RT mutation (YMHD), HBV total RNAs and pgRNA from all of the mutations are similar to those from WT ( Fig. 5G and Fig. 5H )". These results indicated that AA substitutions did not affect HBV transcription. However, in the presence of a functionally active RT ( Fig. 5E and Fig. 5F ), the reduced amounts of HBV mRNAs from sC69* and sG145R might reflect the net effects of many factors. The potential factors might include the altered RT activities of rtS78T/sC69* and rtR153Q/sG145R, the altered stabilities of mutant mRNAs, the replenishment efficacies of cccDNA pool and so on [23, 21, 22] . Combined with the results in Fig. 3 and Fig. 4 , we conclude that mutants sE2G, sL95W and sL98V might negatively influence HBV virion secretion and mutants sC69* and sG145R may influence HBV replication.
Rescue of virion secretion by co-expression of WT envelope proteins
To spread in a chronic infection and persist, defective mutants must presumably coexist with a small amount of WT to supply functional HBs [24, 21] . To determine whether WT surface protein could trans-complement and rescue mutant virus secretion, open reading frames encoding the LHBs, MHBs and SHBs proteins were cloned into the pBluescript (+) KS vector (named pLMS). Co-transfection of mutant and pLMS plasmid DNAs was conducted at ratios of 5:1 (500:100 ng), 1:1 (250:250 ng) and 1:5 (100:500 ng) into HepG2 cells, respectively. The extracellular HBsAg levels for mutants with co-transfection were higher than those without co-transfection ( Fig. 6A and Fig. 6C ). Interestingly, co-transfection of sE2G, sC69* and sG145R with pLMS showed higher extracellular HBV DNA levels as well ( Fig. 6B and Fig. 6D ). When the ratio of mutant to pLMS was adjusted to 1:5 (100:500 ng), supplementing with WT HBsAg by pLMS helped both WT and mutant replicationcompatible pBB4.5 1.2/PC plasmids to achieve a significantly higher extracellular HBsAg levels, indicating that the HBsAg detected originates largely from pLMS (Fig. 6E) . Interestingly, compared to pBB4. mutants and pLMS increased extracellular HBV DNA to WT levels, but did not enhance extracellular HBV DNA for WT (Fig. 6F) . These results suggest that both replication and secretion of the mutants can be rescued by WT HBsAg.
Discussion
Serum HBsAg quantification is an important clinical marker for antiviral response during IFN treatment. It is therefore important to understand factors that affect serum HBsAg levels and detection. It has been previously reported that several factors can influence serum HBsAg levels. These include the HBV genotype, AA substitutions within the 'a' determinant of SHBs, and mutations within the HBV core promoter [17] . In this study, several SHBs AA substitutions that affect serum HBsAg levels were identified in a cohort of 230 HBeAg-positive CHB patients infected with genotype C HBV.
We identified several new HBV mutations (sE2G, sL21S, sR24K, sC69*, sL95W and sL98V) with higher prevalence in the HBsAg low group than those in high group stratified by the median HBsAg levels (Fig. 1C) . Moreover, we discovered that HBV mutants sS117T, sK122R, sI126N/S/T, sG145R, and sW182*, reported in previous studies, were also associated with lower HBsAg levels. [21, 25] . It has been suggested that HBsAg level < 1000 IU/ml and HBV DNA level < 2000 IU/ml were sufficient to identify inactive carriers with low cccDNA activity [26] . In this study, we found that 12 samples with HBsAg level < 1000 IU/ml with median HBV DNA level 6.77 log 10 IU/ml and 75.00% (9/12) of their sequences were found to harbor one or two our newly identified SHBs mutations (sL21R, sT47K, sL95W, sK122R, sI126T, sG145R and sW182*) (Supplementary Table 2 ). This suggested that serum HBsAg < 1000 IU/ml in this study did not predict a low metabolic cccDNA activity. Instead, SHBs mutation was highly likely to be an important mechanism leading to a low qHBsAg value. Therefore, our results indicate that circulating HBsAg levels can be significantly influenced by HBsAg mutations.
Interestingly, the newly identified mutations (sE2G, sL21S, sR24K, sC69*, sL95W and sL98V) localize outside the 'a' determinant. Before this report, it was not understood how such mutations might influence HBsAg expression, secretion, detection and HBV replication. We therefore studied the influence of these mutations on HBsAg levels in vitro.
To measure intracellular and extracellular HBsAg we used commercially available ELISA assays or Western blot detection with polyclonal anti-HBs antibody for LHBs, MHBs and SHBs or a monoclonal anti-preS2 antibody for virion detection. Anti-HA was used to detect engineered HA-tagged HBsAg mutant forms. Taken together, our results suggest that these AA substitutions outside the 'a' determinant decrease circulating HBsAg levels through three possible mechanisms.
One potential mechanism is interruption of HBV particle secretion leading to retention and accumulation of HBsAg within cells. These included sE2G (near the N terminus), and sL95W and sL98V (in TM2) (Fig. 1A, Fig. 3C and Fig. 4B ). Huang et al. reported that major hydrophilic region (MHR) mutations in the "a" determinant region (G119R, C124Y, I126S, Q129R, S136P, C139R, T140I, K141E, D144A, and G145R) can significantly decrease virion, HBsAg detection and apparent occult HBV infection [27] . Moreover, Ye et al. reported that the sE164G substitution, driven by vaccine escape and outside of the 'a' determinant, was also associated with occult HBV infection [28] . Our data suggest that AA substitutions outside the 'a' determinant may also affect HBsAg conformation or secretion. sE2G resides in the SHBs signal peptide sequence and may affect S protein translocation efficiency and secretion. The sL95W and sL98V mutations are in a transmembrane segment and AA substitutions in this region could alter the conformation of S protein resulting in lower HBsAg secretion.
A second potential mechanism is that mutations could influence the antigenicity of HBsAg to decrease the binding capacity of anti-HBs antibodies. A number of previous reports demonstrated that mutations in the 'a' determinant (e.g., sG145R) influence antigenicity [29, 30] . Similarly, our results showed that substitutions sL21R, sL95W and sL98V, which unlike previous reports are located outside the 'a' determinant, affected extracellular and intracellular HBsAg levels by ELISA and Western blot with two different antibodies. This suggests that these mutations result in the lower binding affinity to some of the anti-HBs antibodies. Our data showed for the first time that AA substitutions located outside the 'a' determinant could also impair the antibody binding capacity to SHBs, which was evidenced not only in in vitro experiments but also in patients carrying these mutants with lower serum HBsAg levels.
A third potential mechanism is that some mutants, especially the truncated mutations (e.g., sW182*), may lead to ER stress-induced oxidative DNA damage triggered by the unfolded protein response, which in turn could result in HBV genomic instability and reduction/loss of HBV DNA levels. Pollicino et al. reported that the sW182* mutation induced retention of truncated S protein in the perinuclear ER and was associated with lower HBV transcript levels due to decreased stability, but without impact on HBV replication [25] . Accordingly, our study on patients showed that the sW182* mutant was more prevalent in the HBsAg low group than that in the high group (Fig. 1C) We also found that most newly identified mutations were associated with lower extracellular HBV DNA levels. However, such mutants usually coexisted with low levels of WT sequence as evidenced by heterogeneity at mutational sites. This raises the possibility that WT S protein in co-infected cells could trans-complement and rescue HBV mutant virion secretion. This possibility is supported by experimental evidence from several previous reports showing that the mutant virion secretion could be rescued efficiently (i.e., sP127S) or moderately (i.e., sW172*) by co-expression of WT surface protein [13] . We also showed that impaired virion secretion for several mutants (sE2G, sC69* and sG145R) can be efficiently rescued by trans-complementation of the WT S protein (Fig. 6 ). Hence coexistence of WT and defective mutants may be a general survival requirement for some mutant variants. Lee et al. reported that sW182* was associated with enhanced cell growth, indicating that HBV might also gain survival benefit by up-regulating proliferation of infected cells [31] . However, additional studies are needed to unravel the driving forces that allow the emergence and survival of these mutants in vivo.
A limitation of our study is that we focused exclusively on HBeAg-positive genotype C HBV infected patients. However, some of the mutations we studied also occur in other genotypes. For example, in our previous study of 143 HBV genotype B sequences, two samples have the sL95W substitution (Supplementary Table 4 ) [9] . The sC69* also occurs in genotype D [32] . Several mutations including sC69*, sL95W and sL98V were also identified in 60 samples of HBeAg-negative CHB patients (Supplementary Table 5 ) [3] . Another limitation is that we focused on the S region of the HBV genome. Mutations in other regions such as preC/basal core promoter (BCP) and preS1/S2 could also influence serum HBsAg levels. Indeed, Yan et al, reported that HBV BCP A1762T/G1764A mutations might be associated with low HBsAg levels [17] , and Pollicino et al. reported that the deletion and point mutations in preS1/S2 could restrict HBsAg secretion [25] . More investigations will be needed to further explore these factors.
In conclusion, we have identified several new HBV S protein substitutions (sE2G, sL21S, sR24K, sC69*, sL95W and sL98V) outside of the 'a' determinant of SHBs that are associated with lower serum HBsAg and HBV DNA levels. Our in vitro experiments suggest that mutations within the S protein may impair virion secretion (sE2G, sL95W and sL98V), change antigenicity (sL21R, sL95W and sL98V), or impact HBV replication (sC69*) thereby decreasing detectable levels of HBsAg. Mutants unable to produce functional HBsAg can be rescued by WT protein expression, which presumably reflects a requirement for their spread and survival in vivo. Hence, the factors affecting circulating HBsAg level and HBsAg detection are varied and caution is warranted when interpreting clinical significance of serum HBsAg levels.
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